Epigallocatechin gallate (EGCG), a green tea polyphenol possesses antioxidant, antibacterial, anticancer and antiviral properties. EGCG-Stearate (EGCG-S) is of interest for this study because of its stability and lipophilic properties. The chemical modification of EGCG-S increased its lipid solubility. Herpes simplex virus-1 (HSV-1), a member of the family Herpesviridae, and Alphaherpesvirinae subfamily is a leading cause of human viral diseases in the United States. In this study, 25 μM, 50 μM, 75 μM, and 100 µM of EGCG and EGCG-S were used to carry out cytotoxicity, cell viability and cell proliferation assays to determine the maximum non-cytotoxic concentrations on cultured A549 cells. The results suggested that 75 µM of EGCG and EGCG-S is the appropriate concentration to further study the effect on the infection of HSV-1 in A549 cells. Infectivity, antiviral, and inverted microscopy assays were performed to study the effects of EGCG and EGCG-S on HSV-1 infection. An antiviral assay was performed using luminescence and it indicated that EGCG-S treated HSV-1 showed up to 90% inhibition. Confocal microscopy images further supported the inhibitory effects of 75 μM EGCG-S on HSV-1 infection in A549 cells. The long-term goal of this research is to use EGCG-S as a possible novel topical therapeutic treatment to limit the spread of HSV-1 infections.
Introduction
Herpes Simplex Virus-1 (HSV-1) is a member of the family Herpesviridae, and subfamily Alphaherpesvirinae. Herpesviruses are double-stranded, and enve-Advances in Bioscience and Biotechnology loped DNA viruses that cause a wide range of diseases in humans and other animals [1] [2] . The 152-kb linear genome of HSV-1 encodes ~80 genes; symptoms of HSV-1 infection include oral and genital cold sores, ocular sores, and encephalitis [2] . HSV-1 affects about 70% -80% of individuals in lower socioeconomic populations and about 40% -63% of individuals in upper socioeconomic population in the United States [3] [4] . HSV-1 undergoes both lytic and lysogenic infection cycles. HSV-1's infection cycle begins with a rapid lytic infection of epithelial cells (typically oral) in vivo and in susceptible cultured cells in vitro.
HSV-1 is also neurotropic and infection proceeds into nearby neurons via retrograde axonal transport, ultimately resulting in life-long latency in host sensory neurons [5] [6] [7] [8] [9] . Since, the virus undergoes lysogenic infection, the immune system of an individual could never get rid of the virus completely.
Therefore, recurrent viral infections are always a threat for HSV infected individuals.
Epigallocatechin-3-gallate (EGCG), a green tea polyphenol, is the primary catechin obtained from leaves of the Camellia sinensis plant. EGCG has been previously demonstrated to have antiviral properties against several viruses including HIV, hepatitis B, hepatitis C, influenza, adenovirus, and Zika [10] - [23] .
EGCG has been shown to inhibit HSV-1 in Vero cells prior to virus adsorption [24] . However, EGCG is chemically unstable and sensitive to biological transformation reactions [25] [26] . Lipophilized EGCG exhibits greater antioxidant potential than EGCG. Additionally, esterification improves the stability of EGCG [27] [28] . Palmitate EGCG was found to be an effective inhibitor of porcine reproductive and respiratory syndrome virus (PRRSV) [29] . The fatty acid modified palmitoyl-EGCG (pEGCG) was found to inhibit adsorption of HSV-1 virions to Vero cells [30] . The structure of EGCG was modified by esterification to produce a lipophilized EGCG-acyl ester derivative containing stearic acid, also termed EGCG-Stearate (EGCG-S). Due to the enhanced solubility, EGCG-S is a more potent form that can be used in formulations to be applied in medicine [31] [32] . This form of EGCG may reduce the susceptibility to metabolic changes seen for the regular EGCG in clinical applications. EGCG-S, a more stable and lipid soluble derivative of EGCG is used in this study to investigate the effects of EGCG-S on HSV-1 infection in cultured A549 cells. The goal of this study is to assess the potential of EGCG-S to provide a novel therapeutic treatment to inhibit HSV-1 infections. 
Materials and Methods

Cell Culture
Alterations of Cell Morphology
A549 cells were plated in 6 well plates, grown for 24 hours and treated with various concentrations (25, 50 , and 75 µM) of EGCG and EGCG-S. After 1 hour the EGCG and EGCG-S were removed by aspiration and the cells were washed with phosphate buffered saline (PBS). Media was then added to the wells and cells were incubated at 37˚ under 5% CO 2 and observed every 24 hours for a period of three days after treatment. Cells were examined, using an inverted microscope, at 400× magnification to observe morphological changes in the cells.
Cell Viability
A549 cells were plated in 6 well plates and treated with appropriate concentrations of EGCG and EGCG-S for 1 hr. The viable cells were then stained and counted using trypan blue and hemocytometer. After 1 hr, the EGCG and EGCG-S were aspirated and the cells were washed with PBS. F12K media was then placed in each well and cells were incubated for 24 hrs. Cells, including controls of ethanol (ETOH) and DMSO, were trypsinized and harvested. Cells were then stained with trypan blue, which stains dead cells blue while live cells are not stained, and counted using a hemocytometer. Cell viability was determined by the proportion of viable cells to control levels at different treatments, and illustrated as relative cell viability with the controls as 100% viable.
Cell viability (%) = total viable cells (unstained)/total cells (stained and unstained) × 100
Cell Proliferation
A549 cell suspensions (100 µL) were plated in separate wells in a 96 well plate and after 24 hours cells were treated with appropriate concentrations of EGCG and EGCG-S for one hour, then aspirated (as described in section 2.5). After 24 
Inverted Microscopic Observation
A549 cells were plated in 6 well plates and were infected with 200 µL of various dilutions of treated or non treated HSV-1 for one hour incubation, with intermittent rocking at 37˚C and 5% CO 2 . After one hour, unabsorbed virus was aspirated and 2.5 mL of media was added to each well and incubated at 37˚C and 5% CO 2 . Morphological changes were observed at day 3 post-infection. 
Confocal Microscopy
Results
Alterations of Cell Morphology
To study the effect of ECGC and EGCG-S on A549 human epithelium cells, dif- therefore, the study was continued using DMSO as the solvent. Since the polyphenols were dissolved in DMSO (the media contained < 2% DMSO in solution) the effect of DMSO was also studied. The results indicated that DMSO at these concentrations (0.5%, 1%, and 1.5%, respectively) had no effect on cell morphology; DMSO treated cells did not appear different from the control cells (Figure 1(a) and Figure 1(b) ). The alterations of cell morphology study demonstrated that tested concentrations of both EGCG and EGCG-S are not toxic to A549 cells. Concentrations of 25 μM, 50 μM, and 75 μM of EGCG and EGCG-S do not show any morphological changes and no cytopathic effects in growing A549 cells (Figure 1(c) ). These results suggested that the cells can tolerate EGCG and EGCG-S at concentrations up to 75 µM.
Cell Viability and Proliferation Assays
The cell viability was determined using the Trypan blue assay. After treatment with Trypan blue, cells were counted using a hemocytometer. The percent (%) of viability was calculated as explained in the Materials and Methods. The results are shown in Figure 2 . It is indicated that ETOH and DMSO have no effect on 
Antiviral Assay
The ToxGlo antiviral assay was used to measure cell viability in infected cells in response to EGCG-S treatment of the virus. The calculated percentage of inhibition ranged from ~80% at the highest concentration of EGCG-S while the maximum viral inhibition occurred at a concentration of 75 µM (>90%) (Figure 4 ).
Antiviral assay using luminescence suggests that EGCG-S treatment inhibits
HSV-1 by up to 90%.
The equation for calculating the percent of inhibition is given in Section 2.7 of the materials and methods. 
Inverted Microscopic Observation
Confocal Microscopy
HSV-1 used in this study contains the sequence for GFP fused to the sequence for the tegument protein, UL-46 [33] . GFP expression indicates a late stage in the HSV-1 replication cycle. DAPI stain was used to determine the morphology and number of cell nuclei. indicates extensive HSV-1 infection. However, when HSV-1 is treated with 75 µM EGCG-S there is minimal GFP expression as shown in Figure 6 (c). The confocal microscopy study suggests that 75 μM EGCG-S treatment of HSV-1 results in a drastic reduction in GFP expression and hence, inhibition of HSV-1 when observed at 12 hours post infection.
Discussion
There is a need to develop a treatment for herpes virus infections. Several natural compounds have been investigated as potential therapies. These natural products include eucalyptus extracts [34] , polysaccharides and diglycerides [35] , curcumin [36] , and polyphenols from tea [24] Herpes simplex virus infections continue to affect a large percentage of the human population worldwide. There is no cure for HSV-1 infections and there remains a need to identify effective and affordable therapies to reduce the incidence. The current treatment for herpes infections is acyclovir and its derivatives. Acyclovir is stable for oral and topical application; however, HSV resistance to nucleoside analogues has been reported due to mutations in viral thymidine kinase or polymerase [41] . This study tested the effect of a lipophilic, modified form of EGCG, EGCG-S, to inhibit the infection of HSV-1 in cultured cells.
Our results indicate that EGCG and EGCG-S can be safely applied to cultured EGCG has been reported to interact directly with HSV virions to inhibit attachment [24] [42] . Lipophilic p-EGCG inhibited adsorption of HSV virions to cultured cells [30] . It is probable that EGCG-S also acts in this manner since our results indicate that treatment of virions with EGCG-S inhibits herpes infections.
Our results report inhibition between 80% and 90% with 75 µM concentration of EGCG-S. EGCG-S in synergy with acyclovir could be an effective antiviral treatment for HSV infections.
Conclusion
EGCG-S, a more stable and lipid soluble derivative of EGCG, does not affect cellular morphology; is not cytotoxic; and can inhibit the infection of HSV-1 in cultured cells. EGCG-S shows promise for use as a topical therapeutic treatment to limit the spread of HSV-1 infections.
